ABSTRACT: Although native chemical ligation (NCL) and related chemoselective ligation approaches provide an elegant method to stitch together unprotected peptides, the handling and purification of insoluble and aggregation-prone peptides and assembly intermediates create a bottleneck to routinely preparing large proteins by completely synthetic means. In this work, we introduce a new general tool, Fmoc-Ddae-OH, NFmoc-1-(4,4-dimethyl-2,6-dioxocyclo-hexylidene)-3-[2-(2-aminoethoxy)ethoxy]-propan-1-ol, a heterobifunctional traceless linker for temporarily attaching highly solubilizing peptide sequences ("helping hands") onto insoluble peptides. This tool is implemented in three simple and nearly quantitative steps: (i) on-resin incorporation of the linker at a Lys residue ε-amine, (ii) Fmoc-SPPS elongation of a desired solubilizing sequence, and (iii) in-solution removal of the solubilizing sequence using mild aqueous hydrazine to cleave the Ddae linker after NCL-based assembly. Successful introduction and removal of a Lys 6 helping hand is first demonstrated in two model systems (Ebola virus C20 peptide and the 70-residue ribosomal protein L31). It is then applied to the challenging chemical synthesis of the 97-residue co-chaperonin GroES, which contains a highly insoluble Cterminal segment that is rescued by a helping hand. Importantly, the Ddae linker can be cleaved in one pot following NCL or desulfurization. The purity, structure, and chaperone activity of synthetic L-GroES were validated with respect to a recombinant control. Additionally, the helping hand enabled synthesis of D-GroES, which was inactive in a heterochiral mixture with recombinant GroEL, providing additional insight into chaperone specificity. Ultimately, this simple, robust, and easy-to-use tool is expected to be broadly applicable for the synthesis of challenging peptides and proteins.
■ INTRODUCTION
The development of native chemical ligation (NCL) 1,2 by Kent's group was a seminal discovery for the total chemical synthesis of peptides and proteins. Using NCL, peptides containing N-terminal Cys and C-terminal thioesters can be chemoselectively ligated to generate larger synthetic products. 2, 3 This synthetic strategy, solid-phase peptide synthesis (SPPS) to prepare peptide segments followed by NCL or another ligation method 4−6 to stitch the peptides together, has been very successful for producing synthetic proteins to probe biological problems that would be difficult to assess using molecular biology. Notable achievements include innovative studies on ubiquitination pathways, 7−10 extraordinary efforts to prepare well-defined glycoforms of erythropoietin, 11−18 and total syntheses of mirror-image proteins not accessible by recombinant means, 19−21 among many other interesting targets (recently reviewed in refs 22 and 23). However, total chemical syntheses of these protein targets can be unexpectedly challenging, due to difficulties in handling (dissolving, purifying, and reacting) poorly soluble and aggregation-prone sequences. In particular, certain hydrophobic peptide segments, prominent in membrane proteins, remain especially challenging. 24−26 Furthermore, it would be highly beneficial to deploy a tool for routinely increasing peptide/protein concentrations to the millimolar range in order to generally accelerate chemoselective ligation reactions. 27, 28 To address this challenge, many groups have devised chemistries for temporarily improving peptide segment solubility. One of the most prominent examples is the thioester poly-Arg tag, introduced by the Kent 29 and Aimoto 30 groups. In this method, the peptide segment of interest is directly synthesized and purified with a highly solubilizing peptide sequence (Arg n, where n = 5−9) introduced on the thioester leaving group.
This method has been used in several cases 31−33 to endow peptides with greatly improved solubility and handling properties. However, the solubilizing tag is eliminated during the ligation reaction (via in situ trans-thioesterification with a better thiol leaving group), so the solubility enhancement cannot be retained during or beyond the ligation step. Furthermore, these tags are difficult to install by Fmoc-SPPS due to the instability of thioesters to piperidine-mediated Fmoc deprotection conditions, 34 although an indirect approach using ortho-aminoanilide cryptothioesters has been described. 35 A less commonly used route for introducing semipermanent Cterminal solubilizing tags entails C-terminal base-labile linkers (e.g., esters), introduced either by Boc 36 (glycolic acid linker) or Fmoc-SPPS 37−39 (4-hydroxymethylbenzoic acid linker). An approach using the acid-labile phenylacetamido (PAM) linker has also been described. 40 Alternatively, linkers containing substrate sequences cleaved by HIV protease 32 and carboxypeptidase 41 have also been used. Thus far, these base-, acid-, and enzyme-sensitive linkers have been limited to peptide termini.
Some versatile approaches to this problem have recently been developed. Danishefsky's group designed an allyl-based protection method for introducing semipermanent solubilizing groups by preparing custom Fmoc-Glu and Fmoc-Lys building blocks linked to solubilizing guanidinium moieties through ester and carbamate groups, respectively. 42 Liu's group developed a photolabile linker for incorporating semipermanent solubilizing sequences at Fmoc-Gln building blocks. 43 The same group also introduced an elegant two-step method for selectively removing semipermanent solubilizing groups at Fmoc-Gly building blocks. 44 Here, a TFA-stable derivative of the N-(2-hydroxy-4-methoxy benzyl) (Hmb) group 45 is converted in situ into a TFA-labile Hmb during the NCL reaction. 46, 47 Building on this work, Liu's group recently published a method to introduce removable backbone modifications (RBMs) via a salicylaldehyde derivative. 48 A New Helping Hand Approach. Unfortunately, no single method for introducing tailor-made semipermanent solubilizing sequences has been widely accepted in the field for multiple reasons, including complex reagent synthesis, potentially damaging cleavage conditions, slow kinetics of incorporation or elimination, limited placement within peptide sequences, or lability to NCL conditions. We desire a general chemical tool for routinely introducing semipermanent solubilizing sequences ("helping hands") onto difficult peptides. Accordingly, we had five requirements:
(1) Compatibility and facile incorporation by Fmoc-SPPS (2) Compatibility with NCL and other chemical conditions typically employed in assembly of peptide segments (including desulfurization and oxidative hydrazide activation) (3) Site-selective attachment of the designed solubilizing sequence (4) Ability to be incorporated at several sites in nearly all peptide segments of the protein target (i.e., not limited to N-or C-termini) (5) Simple and selective removal of the linker to generate native peptide after the solubilizing application is complete
In response to this challenge, we describe here synthesis and applications of Fmoc-Ddae-OH, N-Fmoc-1-(4,4-dimethyl-2,6-dioxocyclo-hexylidene)-3-[2-(2-aminoethoxy)ethoxy]-propan-1-ol, a new heterobifunctional traceless linker for attaching solubilizing groups to difficult peptide sequences (Figure 1a ).
With this simple-to-prepare tool, we can attach and later remove highly solubilizing peptide sequences on any peptide segment containing a Lys residue via on-resin Fmoc-SPPS elongation and aqueous hydrazine treatment, respectively. To validate the versatility and robustness of our tool, we applied it in three different synthetic contexts: a model 20-residue peptide and two proteins of 70 and 97 residues requiring NCL-based assembly. In particular, we prepared both L-and D-versions of the synthetically challenging heptameric chaperone protein GroES.
■ RESULTS AND DISCUSSION
Design and Synthesis of Fmoc-Ddae-OH Linker. The inspiration for our linker comes from Bycroft's pioneering work 49−51 on the (4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) amine protecting group. The enamine bond is selectively cleaved by treatment with bis-α-nucleophiles such as hydrazine or hydroxylamine 52 (as well as NaBH 4 ) 53 but is stable to Fmoc elongation and deprotection conditions. Due to its robustness and specific cleavage conditions, a number of Dde-based linkers have been developed for various applications, including SPPS, oligosaccharide synthesis, 55 polyamine synthesis, 49,56,57 affinity purification, 58 and protein labeling. 59 We prepared Fmoc-Ddae-OH ( Figure 1a ) in one step, by reaction of commercially available N-Fmoc-amido-PEG 2 -acid with dimedone (Figures S1−S4). The general strategy for implementing the new linker is shown in Figure 1b . Here, a "difficult" peptide is prepared by standard Fmoc-SPPS, incorporating a single internal Lys residue with an orthogonal protecting group (Dde in this case), while the N-terminus is protected by a piperidine-stable group (Boc in this case) (Figure 1b, step 1). Upon elongation of the linear peptide chain but before cleavage from the resin, the Dde group is selectively removed with 3% hydrazine in DMF to reveal a single primary amine in the solid-supported peptide (Figure 1b, step 2).
Fmoc-Ddae-OH can then be directly reacted (i.e., no other additives are needed, and excess reagent can be recycled) with the primary amine to introduce a fresh N-Fmoc-protected amine linked to the peptide sequence through a hydrophilic (PEG 2 ) Dde-derived cleavable moiety ( Figure 1b, step 3) . Next, Fmoc-SPPS can be used to build a solubilizing peptide sequence (helping hand) (Figure 1b, step 4) on the Lys side chain. Note that we previously observed partial instability under aqueous conditions of a Dde-based linker on the N-terminus, while Dde linked on Lys side chain was stable over 24 h. 60 Cleavage from resin and HPLC purification can then be performed to obtain the purified peptide segment equipped with a solubilizing tag (Figure 1b , step 5).
After NCL-based protein assembly, cleavage of the linker and restoration of native peptide structure can then be performed by addition of aqueous hydrazine (Figure 1b, step 6) and mild conditions similar to those used for acetate deprotection during glycopeptide and glycoprotein synthesis. 61, 62 Ddae Linker Introduction, Stability, and Cleavage in a Model Peptide. A model peptide, Ebola virus C20 (Ac-DWTKNITDKIDQIIHDFVDK-NH 2 ), was used to characterize incorporation and removal of the Ddae linker with a Lys 6 helping hand. The C20 peptide is derived from the C-terminal heptad repeat region of the Ebola virus GP2 protein.
63,64
We first synthesized C20 (Figure 2a ) including a central Lys(Dde) (Figure 2b and S15−S17), then removed the Dde group using hydrazine (Figures 2c and S18−S20). Fmoc-Ddae-OH (200 mM in NMP) was then added to the peptide resin for 7 h to generate C20(Fmoc-Ddae) (Figure 2d , time course studies show nearly complete reaction after 2 h, Figures S21− S23). On-resin Fmoc-SPPS was next performed to extend a Lys 6 helping hand, followed by cleavage from resin using standard TFA conditions to generate C20(K 6 -Ddae) (Figures 2e and S24−S26). The cleanliness of the crude products (Figures 2b−e and S27) highlights the efficiency of the multistep process.
We next evaluated removal of the helping hand in solution via hydrazine treatment by conducting a time-course study to measure the conversion of C20(K 6 -Ddae) to C20. Purified C20(K 6 -Ddae) was dissolved in 6 M GuHCl, 100 mM phosphate buffer, pH 7.5. Cleavage of the K 6 -Ddae group We also examined the stability of C20(K 6 -Ddae) under several different conditions employed in modern chemical peptide/protein synthesis including acidic HPLC buffer ( Figure  S33 ), denaturing conditions at low ( Figure S34 and S36) and neutral pH ( Figure S35) , and a typical NCL buffer ( Figure  S37 ). No significant Ddae cleavage was observed under these standard conditions ( Figure S39 ). In contrast, we did observe partial sensitivity of the linker (∼20% cleavage after 24 h) to thiazolidine ring-opening conditions 65−67 (Figures S38 and  S39 ). However, we tested relatively harsh conditions, 200 mM MeONH 2 for 24 h, while most reports employ either lower MeONH 2 concentrations (20−50 mM) or shorter incubation times (3−5 h).
Our studies with the C20 model peptide show that the Fmoc-Ddae-OH linker can be used to introduce solubilizing sequences at Lys side chains, while quick and clean removal of the linker is achieved with 1 M hydrazine. Importantly, the linker is stable to several buffers commonly used in chemical peptide/protein synthesis.
NCL-Based Synthesis of Ribosomal Protein L31 Using a Helping Hand. We next pursued the synthesis of a fulllength protein target via NCL. Here, we selected the L31 protein from E. coli. L31 (Uniprot ID: P0A7M9, RL31_ECO-LI) is a 70-residue protein within the large ribosomal subunit. 68, 69 The synthesis strategy for preparing L31 entailed three peptide segments (L31-1, -2, and -3), including Lys23 in segment 2 modified with a Lys 6 helping hand (Figure 3a−c) . All three starting peptide segments were synthesized and purified (Figures 3d and S40−S51 ). L31-1 and L31-2 were prepared as peptide hydrazides for subsequent in situ activation/thiolysis for NCL, 70−73 while L31-3 was prepared with a C-terminal carboxylic acid, in order to match the natural protein (Figure 3c) .
The first ligation reaction, L31-1 to L31-2 at the Ser15− Cys16 junction, was complete in 1 h ( Figure S52 ). The ligation product L31-1-2 was then purified by HPLC, confirming that the helping hand was stable in an NCL reaction (Figures 3e and S53−S55). We next ligated L31-1-2 to L31-3 to directly evaluate the linker's stability under oxidative hydrazide activation conditions. However, during preliminary studies of this reaction, we encountered significant lactam formation, which can be a challenge with Lys thioesters. 74 In this case, we overcame the problem by activating L31-1-2 hydrazide in batches that were sequentially added to L31-3 in the ligation reaction (see Supporting Information for details). In addition to demonstrating that the second ligation was successful ( Figures S56−S57 ), we were able to purify both the MESNa thioester of L31-1-2 ( Figures S58−S60 ) and the full-length product with helping hand intact ( Figures S61−S63) . Critically, the linker was stable under peptide hydrazide activation conditions (20 mM NaNO 2 , pH 3, −20°C, 20 min). We next showed that the helping hand could be removed in one pot after ligation of the full-length product by treatment with 1 M hydrazine, pH 7.5, for 2.5 h ( Figure S64 ). We generated clean and correct full-length product, without helping hand, using this straightforward one-pot ligation and helping hand removal strategy (Figures 3f and S65−S67) .
70−73
Synthesis Strategy and Initial Efforts to Synthesize GroES. Having validated the helping hand approach in Ebola virus C20 peptide and E. coli L31 protein, we pursued a more ambitious and biologically relevant protein target: the E. coli cochaperonin GroES. Our interest in synthesizing GroES was motivated by our previous work showing that the GroEL/ES chaperone was capable of folding both natural (L-) and mirrorimage (D-) forms of a synthetic substrate protein, DapA. 75 This result demonstrated that GroEL/ES recognizes substrate proteins via nonspecific (i.e., nonstereoselective) hydrophobic interactions.
We were interested to probe this interaction more deeply. On this note, crystal structures of GroEL/ES complexes have shown considerable structural heterogeneity in the interaction of the GroES mobile loop with GroEL. 76 Another group reported that substitution of six positions in the GroES mobile loop with Ala residues did not perturb GroEL complementation in E. coli cells. 77 Additionally, Gierasch's lab showed by NMR that both L-and D-peptides could bind to GroEL. 78 These data suggest a high degree of plasticity in the GroEL/ES interface. Based on this information and our previous data, we hypothesized that a heterochiral complex (L-GroEL/D-GroES or D-GroEL/L-GroES) may possess chaperone activity. To test this hypothesis, we pursued the chemical synthesis of D-GroES (97 residues) to be tested in complex with recombinant (L-) GroEL (548 residues). We also pursued the chemical synthesis of L-GroES as a positive control to validate the activity of our synthetic material.
Total chemical synthesis of E. coli GroES (Uniprot ID: P0A6F9, CH10_ECOLI) was reported in 1991 by an ambitious preparation of the entire protein via Boc-SPPS; however, no analytical HPLC or MS data were provided on the synthetic material. 79 We reasoned that modern advances in peptide synthesis and ligation technologies made this protein wellsuited for a multisegment synthetic approach.
Our retrosynthetic strategy involved two peptide segments, with a single ligation junction at position Leu41−Ala42 (Figure  4a,b) . Following ligation of the GroES-N and GroES-C peptides, desulfurization (Cys → Ala) at position 42 would generate full-length native GroES. Unfortunately, our efforts to prepare GroES in this manner failed due to severe handling difficulties with the GroES-C peptide. Specifically, we were unable to dissolve a significant amount of peptide in any usable solvent (e.g., water/acetonitrile + 0.1% TFA, 6 M GuHCl + 5% AcOH, DMF, and ammonium acetate/water/acetonitrile at pH 6), and we were also unable to isolate a clean product by RP-HPLC ( Figure S68 ).
These challenges with GroES-C forced us to rethink our synthesis strategy. We considered introducing an additional ligation site C-terminal to Leu41 in order to break up this difficult segment. However, the absence of any suitable Cys or Ala residues in this region (residues 43−97) complicated this prospect. Potentially, a non-natural thiolated residue (reviewed in refs 28, 80, and 81) could be used in this region. However, this would require multistep chemical syntheses of both L-and D-versions of a specialty thiolated amino acid, as well as extra handling steps (additional ligation and desulfurization) in the GroES assembly. Furthermore, we found that a shorter version of GroES-C (peptide 61−97) was even less soluble and could not be dissolved for HPLC analysis.
Synthesis of L-and D-GroES Using a Helping Hand. Based on these challenges, we incorporated a Lys 6 helping hand in the GroES-C peptide (at Lys77, Figure 4b,c) . The four starting peptide segments for generating L-and D-GroES were then synthesized, with L-and D-GroES-N being prepared as peptide hydrazides and L-GroES-C and D-GroES-C being prepared as C-terminal acids to match the natural protein.
Standard Fmoc building blocks and SPPS conditions were used in the syntheses, with a few exceptions. First, several Xaa− Ser(Ψ Me,Me Pro) pseudoproline dipeptides were utilized in all four peptides to enhance synthesis quality by reducing peptide aggregation during SPPS (underlined, Figure 4b) . The noncommercially available D-pseudoproline dipeptides were synthesized according to Mutter's original protocol, with slight modifications (Figures S5−S14) . 82, 83 Additionally, achiral (Dmb)Gly was used at Gly70 to prevent piperidine-mediated aspartimide formation at the Asp69−Gly70 site. Lys(Dde) was used at position Lys77 to install the helping hand, while BocCys(Trt) was incorporated at position 42 to protect the GroES-C N-terminus. Upon completion of the linear GroES-C peptide sequences, the Dde group was removed on-resin, and FmocDdae-OH was then coupled, followed by Fmoc-SPPS to generate a Lys 6 We next proceeded to the final synthetic step: one-pot desulfurization and helping hand removal to generate fulllength, native L-and D-GroES. Peptides L-and D-GroES-NC(Cys42, K 6 -Ddae77) were desulfurized 84 using the free radical method 85 to convert the ligation junction Cys42 into Ala42 (Figures S81 and S96) . The desulfurization was complete in less than 4 h, as determined by LC/MS. Importantly, the Ddae linker was stable under these conditions. The crude mixtures were then treated with 1 M hydrazine, pH 7.5, for 3 h to cleave the Ddae linker, remove the helping hand, and generate native GroES sequences ( Figures S82 and S97) .
At this stage, the crude reaction mixture reaction could be injected over RP-HPLC to isolate pure GroES. However, we found that this led to a large yield loss. Instead, taking advantage of the clean one-pot process, we found that GroES in the final reaction could be directly refolded by overnight dialysis (3000 MWCO) into 25 mM Tris, 50 mM NaCl, pH 7.5. The folded heptameric GroES was then purified by sizeexclusion chromatography (SEC, Figures S83 and S98) and analyzed under denaturing conditions by HPLC and LC/MS (Figure 4d−g ). L-and D-GroES showed clean products with identical retention times on RP-HPLC (Figure 4d ,e) and matched MS to recombinant GroES purified in the same way (pooled from SEC, Figures S99 and 4f−h) . We obtained isolated yields of 24 and 23% for folded L-and D-GroES, respectively.
Characterization and Activity Testing of Synthetic Land D-GroES. With the heptameric proteins (recombinant, synthetic L, and synthetic D) in hand, we performed circular dichroism (CD) spectroscopy to confirm the correctly folded structures. CD (Figure 5a ) demonstrated that our synthetic LGroES possessed structure that mimicked the recombinant control and that synthetic D-GroES showed the inverted spectrum expected for a mirror-image protein.
We then performed enzymatic assays to evaluate the chaperone activity of our synthetic GroES proteins. Here, we first sought to demonstrate that our synthetic L-GroES was fully active compared to recombinant protein in assisting protein folding when combined with recombinant GroEL. Second, we tested if D-GroES was capable of forming an active heterochiral complex with recombinant GroEL to assist in protein folding.
We used two quantitative folding assays to evaluate GroES activity. We first tested an SR1 assay to evaluate binding of GroES to GroEL. In this assay, functional GroES binds to a single-ring mutant of GroEL (termed SR1) to form a stable, dead-end complex due to the absence of the trans GroEL ring. When saturated with GroES, the ATPase activity of SR1 is completely inhibited. In the absence of GroES, the ATPase of SR1 is uninhibited. In the second assay, we directly measured GroEL-/ES-mediated refolding of client protein malate In both the SR1 and MDH assays, synthetic L-GroES performed similarly to recombinant GroES, validating the high quality of our synthetic material (Figure 5b,c) . However, counter to our expectations, D-GroES was completely nonfunctional in both the SR1 and MDH assays (Figure 5b,c) . Based on these results, we conclude that heterochiral GroEL/ ES is not functional in protein folding, and unlike substrate recognition/refolding, 75 there is an element of stereoselectivity to the interaction between GroEL and GroES.
■ CONCLUSIONS
In this work, we introduce a general new tool, Fmoc-Ddae-OH, for dealing with poorly soluble and aggregation-prone peptides. Fmoc-Ddae-OH is easy to synthesize and then incorporate into peptide segments for introducing desired solubilizing sequences by Fmoc-SPPS. This new linker can be incorporated at any Lys residue within a peptide segment and is stable under a wide range of conditions allowing handling, purification, and storage of the resulting peptides, as well as NCL-based assembly including hydrazide activation and desulfurization. Cleavage can be triggered by mild treatment with aqueous hydrazine in sodium phosphate buffer at near-neutral pH. Importantly, the Ddae linker can be cleaved in one pot after NCL and desulfurization, and before a folding step.
We thus conclude that beyond NCL applications this new reagent will be generally applicable for installing semipermanent solubilizing groups in difficult peptides. Moreover, considering the compatibility of its parent Dde protecting group, this strategy is likely also compatible with Boc-SPPS.
We capitalized on these benefits to prepare highly pure forms of both L-and D-GroES heptamers by a NCL strategy that could not be implemented without the help of semipermanent solubilizing tags. Using these proteins, we show that heterochiral L-GroEL/D-GroES is incapable of folding substrate proteins. Thus, although substrate recognition by GroEL/ES is ambidextrous, 75 the composition of the folding machine is not. Current work is ongoing to test this new linker in other difficult NCL-based chemical protein synthesis projects and exploit the possibility to screen for a tailor-made solubilizing tag 86, 87 adapted to any difficult segment. 88 We aim to expand its application beyond the introduction of solubilizing tags (e.g., to immobilize a peptide for solid phase ligations, introduce affinity purification tags, or temporarily link protein subunits in order to facilitate difficult folding processes).
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